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TECHNICAL NOTE NO. 589

THEORETICAL SPAN LOADING AND MOMENTS OF TAPERED

WINGS PRODUCED BY AILERON DEFLEGTION'

By E. A. Pearson
SUMMARY | ST

The effect of tapered ailerons on iinéarly tapered
wings is theaqretically determined. Four different allerom
spans are considered for each of three wing aspect ratios

"and each of four wing taper ratios. The change in 1ift on

one half of the wing, the rolling moment, the additional
induced drag, and the yawing moment, due to aileron de-
flection, are represented by nondimensional coefficients.
Similar coefficients are given for the damping and yawing
moments, the additional drag, and the change in 1ift, due’
to rolling,

It was found possible to effect a fairly close agree=

ment between the theoretical and experimental rolling mo—="—

ments by introducing into the theoretical expression for
the rolling moment an effective change in angle of attack
obtained from an analysis of flap data. The theoretical
curves show that the highly tapered wing with long ailer-’
ons hasg a lower ratio of yawing to rolling moment afid a
lower additional induced drag fﬁfh wings with less ﬁaper.

INTRODUCTIQN

Airfoil theory may often be applied to the solution
of practical gserodynamic bnroblems. Even when the agree-

ment between theory and experiment has not been good quan-

titatively, there has generally been a quélitative agree=_
ment and, for such cases, it is possidle to determine cor-
rection factors by which the theory may be brought into
agreement with experiment.

The theory has been applied (references 1 and 2) to
determine. the aerodynamic forces produced by aileron de—~
flection and their distribution on rectangular wings of
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various aspect ratios. Munk (reference.Z) investigated
the gileron effect on an elliptical wing of aspect ratlo
6, and the computations have been extended (reference 2)
to include aspect ratios of & and 9. Scarborough {refer-~
ence 4) investigated in & general way the &ffect of twist
such as might e caused by aileron deflection on both a
rectangular and an elliptical wing. :

The distribution of 1lift across the span 1s generally
ottained by expressing the ¢ir¥culation as elther a power
or a Fourier series although it may be determined dy a
method of successive approximation. Prodably the best
known ig the Fouriler series scdlution, first used by Glaunert
end outlined in reference 5, in which the value of the 11ift
s conputed at four noints across the gsemiwpan. Inm ths
case of an airfoil of irregular plan form or of one in
which.the section angle of attack changes abruptly, as
when eilerensi or flaps ars overated a larger number of
n01nt1 must be used to obitain an accurate distribution.
The ngeé of more.psints maberially increageg the laber as
the number of .simultaneous sguations to be solved increases
directly with the aumber of pointe. - .

Dr. Letz (reference 6) has developed e slightly dif-
ferent m&thod based on the Fourier solution by which the
number=o0f points may dbe increased with a less than propor-
t15181 lncreasé in laber, and which may readily bes used on
wings with. complex plan forms and twistsT however, the load
digtridution at .fhe aileron end would not be sharply de-
fined. - This method 1s, nevertheless, adaptadble to the
generai case and ‘has been applied in &éveral instzmnmces te
compute the span load digtridbution of various cdd types
of wings.

Récently Lippisch (reference 7) developed ancther
method for determining the spanwise distribution which 1is,
like that of reference 5 annlicable to the general cass.

-The method of gsuccessive annroximation given in ref-
erence 8 and in a modified form in reference 9 has been
little used partly because of its graphical nature and
vartly bvecause of the time involved in obtaiaing a solu-
tion. - v w meevosTem T SRR O

A method pronosed by Gates (reference 10) comdbines a
Fourier series. and a léagt- squares solution. By the use
of this mWethod the gemerszl 1ift equation 1s satiefied at
all points along the sewmiaspan while only a few harmonilcs
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are retained; thus the shape of the span load distributian
near the aileron end can be made definite, Hartshorn (r&f-
erence 2) extended this method, which was criginally used
in determining the chHaTacteristics of a rectangular wing
with tip elevators, to allerons on rectangular and ellip-
tical wings. : ) . - - o

In the present report the cemputations have been ex~-
tended to include the case ¢f ailerons on linearly tapered
wings of various aspect ratics. The méthod of Gates has
been used in preference to the others, not bedduss it is
any more accurate, since all methcds yield the same Tasult
if sufficient points are taken, but because definite numer-
ical results are obtained with prcbably the least work,
‘This statement holds for the case in which both the angle
of attack and the chord distribution may be e&pressed as
simple analytical functiens.

LIFT AND ROLLING MOMENT DUE TO AILERQNS

Lift at a section.-~ The coordinate y along the span
b, in accordance with convention used in airfeil theory,
1s replaced by the parameter © (flg. l) so that

vy = - % cos & : L j})

The circulation at e section can be renresented by tho
Fourier series

' =2b V I An sin ne _ (2)
If the circulation T 1is symmetrical about the wing cém-

ter line, i.e., if D, .= Fﬂ_&, only odd values of n ‘are

retained., If the circulaticn is antisymmetrical, as woltld
oceur with equally and oppositely displaced ailerons on an

airfoil giving no 1ift, only even values of T—EF¥& feeded.
For the general cage both the odd and the even valuas of
n are required. _ ommT

The induced velocity at a point can te given by the
series T

w =7V 5 n ap Sin nb . (3)
gin 6
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The.cifCﬁlatidﬁ . is alse éxnressed Qy the relation

z ' -?_i‘ -« cV ‘m cV - ‘w
e L = 1 .. 0 (a ~ — 3 - (4)
S 1,2 § v,
. - " __1r_x R -l—-ﬁ» —-o!—-—--l'i"""’ h H#Jrr
where oy is the section lift coefficient
P '“6, section choxd. . ~ . s
: V. wind velecity | _ _ _. me e T ST
L 'md} éibpe of séction lift curve, per radian
. ngﬂsbction angle of attack, radiana .

———— ™

‘w, downwash velocity

For 1inear1v tapered wings the chord at any station

is defined hx”the exnression_r LT -
6 = ep [ % (1 - A) coém;] 'cr (1 i'Kifos 6) - (5)
where— :ﬁf “is the root chord : f ;:i;i _it;;:“'H.
‘A, ratio of tip to roo£*chord - o -

K = (1 - A

In equation (5) the minus sign is used to the left of the
origin and the rlusg sign to the right., The general circu-
latior equation for the linearly tapered wing,__

a u, (1L + K cos &) gin 6 =
. e =. - ' o
= £ Ap sin nb [n u, (1 £ K cos 6) + sin §] (6)
) U BgE,
whers g is a constent equal to %, was obtained by

introducing the values of I'y w, and ¢ as given by equa-

tions (2), (3), and (5), into equetion (4) and by collect~

ing the terms.

11

Flgure 2 glves nlots of valueas of =u, for various
taper ratios A and aspect ratics A for m; = 6, in-
stead of 2m, the theoretical wvanlue. ' '
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The change in wing section caused by an dileron de-—
flection .8, 1in radians. may be considered equivalent to
a change in geometfric anple of attack of the sectlon. T
This change may be denoted by (k§8) where k “is a func-
tion of the aileron to wing chord ratio E. "Now, dccord-
ing to the assumptions upon which wing theory is based,
the distribution caused only by the ‘ailerons WY be super-
posed on the distribution of 1ift for ailerons neutral,
since the lift distribution over the span is a linear
function of the angle of attack at each point of the aspan.
That the distributions may be superposed is indicated by
an examination of equation (6), in which ‘the right-hand.
summation can be divided into terms containing only odd
coefficients, allerons neutral; and. terms containing even
coefficients, ailerons deflected.

—_ ———l._'_

Only the even coefficients are re%ained at present
hence only the distribution due to aileron displacemént
will be found. Tet the 1lift of the wing be zerd amd let -
(k8) equal the increage or decreaséd of angle of atﬁack of
the section due to aileron displacement. Then & (k8)
from 6 =0 %o b = (fig. 1); O'from & = @ to_ 6 =
™ - 6; and -(k8§)* from & =m - to mw. The inner
ends of the ailerons are given by

y == % cos @ and y = - % cos (m - o) (7)

In the subsequent analysis the equations apply to
cases in which: (1) E, +the ratio of &ileron to wing
chord, is constant; (2) an equal up- and down aileron
movement occurs; %) the wing tips are straight; and (4)
the alleron extends inboard from the wing tip. The usual
assumptions underlying modern wing theoly are made, Al-"
though the foregoing limitations are made in this report,
the method may be anplied to cases where E 1s not con-
stant provided that the change in angle of attack produced
by such an aileron may be expressed as a “simple function
in terms of the varameter . A similar stafemésnt applies
to the airfoil plan form, and the aileron need not extend

= —e—
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to the tip., A differentinrl aileron motion may be consid-
ered as the sum of effects produced by a nondifferentlal.
aileron movement plus the effect produced by deflecting
the ailerons as flans. .

The general circulation equation (6) can be repre-
sented,_ bv equations of the type T

T R Z Ap Pp = B L (3)
where P, [n U (1 + K cos @) + sin 8] ain nﬁ (9)
and. .. B = uO o (l + X cos B) sin. 6 (lb)

The method proposed by Gates (reference 10) is based
on the asgumption that—the conditione can bte satisfied by
retaining a -small number of harmonicsg in the serles pro-—
vided that the general circulation equation is—satisfiled
at-an infinite number of points along the span. A number

of equations.of the form (8), where b variea in infinite-
ly small steps from ‘0O to m,. is thus cbtained. If only
n  harmonics are retained, a set of .n simultaneous equa-
tiong can be formed by the methaead of least squares and, in

the limit, the summations are replaced by iIntegrations.
This method leads to n equations of thg followlng type:

’ . . . . [

i m on T
o ; : . o n
Az J P abvA, J PP, db+.... Ay, J PP, db= /3 RP, dé
o ~ [e] (o]
pu a ’ n Al
a2 a . 2 a
he /BB dbwA, [T BB Qbt....Am J BjB, &= /" BR, db >0
o ‘o
m - B i t
. . .. --aB - -} a Y
Ag /; Fen By d_e.:'."Aa.__-{, PanPy ab+eco.dyy -{) Pan 'dE’=__-£__ BPon dE’J
The coeffidigﬂfé‘onnihé ieftshand slde, called "plan~form
coefficientg"” since the angle of attack does not appear,
involve lategration of terms of the type L
PP, = (sin Pb fou, (1-X cos b)] + sin pb sin b) X
“(sin ry [ru, (1-X cos §)] + sin rg sin g) (12)

Fro. o
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It wag found in applying this method that, for taper
ratios from 1,0 to 0.25, the retention of four haTmonics
wag sufficient to determine quite accurately the span load
distribution, There is no object in carrying the calcula-
tions too far since the theoretical 1ift dis¥ribution may
show considerable deviation from the actual distribution
at the wing tips and aileron ends. Reference 1l shows
that the contribution of Ag to the 1lift of sne aileron
is only about 1 percent of the total unless the aileron
span ig less than O.,1 b. It is later shown that the total
wing lift depends only unon A,;, that the rolling moment

depends only upon Agp, and thet the yawing moment depends
primarily upon the first four cdefficients of the series.w

The integration of the plan—~farm coefficientS, eguoa-—
tion (12) when four harmonics are retained, Is given in
table I, first in the general form involving 4, and K
and then in numerical form giving particular values to X
and 1up depending upon taper and aspect ratio. Td the
bottom part of table I, my, 1s assumed to ‘be 6 instead of
21T, ' :

The coefficlients on the right-hand side of equation
(11), called "angle coefficients," involve integrations of
terms of the type B

i -ﬂ
ja BPp = j Ug @ (l ~ K cos b) sin & [p wo (1 - XK cos G) +
o

sin 8] sln py 4de _: (13)

and by the previous simpiification this expression becomes

v . o
J BP, = J ug(k8) (1 - K cos &) sin & [p uo (1~K cos ¢) +

sin 6] sin pb 46 ' - ( 4)

Thus the point along the span at which the aileron starts
is definitely fixed by the uvper limit of the integral
equation (14). The integration for the angle coefficlients
is given in general and numerical form in table TI for ~
four different sileron span ratios, ©b'!'/b., The reason foT
retaining wu,(k§) in the denominator will be seen later.

The first four terms of the circulation geries for
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the even coeffibients, in termg of the angle ceoefflcients, n
are given in tadble III, These coefficientg are ohtalned
by solving the 12 asets of four simultaneous equations, as
ﬁ
glven by equatien (11), regarding f BP, as a new coef-

ficlient Bp.

The 1¥ft coefficients at a section -due tec alleron de-—~
flectilon is related to the circulation* (equations (2) and

(4)) vy _ o _
52 oV = = 2b V 5 An, sin ng ) (15) o

Hjji
o

»

Substituting equation (5) for the chord

c = - LA gin nég 16
La_ er (1I-+“K cog ) te o { ) TR
but I - ———"'mo'cr = 4 —_— = -9
u - =% po henqe o To ) o o
- - N - . ’ - _t_.—
. Ay )
a0 that ey = mg (k8) 2 _ gin nﬁ (17)
) 2 1 *EKcos b uo(ks) L e R
Similarly, the lift coeffic1ent at a p01nt with ailerons
neutral is given by _ o . - e
n, o Ap_ o | ‘
01’ = a . sin no (18)
1 1l =+ K__ cos & u,o . . . PER 2w

' .QiﬁE

The total ey at a section is the sum of the 1ift coeffi- .

cients glven by equatieng (17) and (18). The form of
equatisn (17) indicates that the change in o, due to

alleron deflection is directly proportional te the squiva-~
lent change in angle of attack and that it 1s also a func~-

tion of - Values of g
et e . es -
uo k—j un(ks)

for the'various aspect ratios and tapsr ratios previously

used and for four alleron lengths. The distribution of
cLa due to aileron deflectien is found by substituting

the results from table IV in equatinn (17), This distri-

*Hereaftar for even cogeffigients the subscript a will de
used; for'odd coefficients the subseript i1, and for both
types no subscript, : o . *

T

!

1
]

are given in tadtle IV

']

AU

L OYieT -
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bution is given in figure 3 for a value of (k§) equal to
1.0, For any other value of (k&) the ordinates of this
figure need only be multiplied by the actual value of (ks8).
In an actual case the ef?éctive change iIn angle of attack
at a section can be theoretically computed (referen®s 11)
or, preferably, can be obtained from an analysis of flap
data such as that given in reference 1l2. At fairly large
values of 8 the experimental value of %k Hhardly ever
exceeds 0.2 and would equal 1,0 only if a whole wing sec-
tion, such as one with floating wing-ﬁlp ailerons, were
deflected. et

The 1ift distribution due to the ailerons obtained
from figure 3 must .be superposed_on the o1, distridvu-

tion due to angle of attack of the wing as a whole (equa—
tion (18)) to obtain the total distribution. The oy,

digtributicn and the Anl coefficients corresponding to a

wing Cp of 1.0 afe given in figure 4 and table V, re-
spectively. These values, taken from an uapublished re-
port, have been determined by the Lotz method using 10
voints across the semispan and retaining 4 harmoanics. The
cy, distribution and 4n, coefficients at any other value

of the wing Cp are obtained by multiplying by the new
value of the wing Cj. Figure 5 illustrates the procedure
uged to find the span ¢ dlstributlon under the fbllow—

ing conditionsg:

, 0.5

Change in 1ift on half the wing.—- The change in 1if¥%
on one half of the wing is given by o :

b . ; e

Alift = /7 e  qedy ' S (19)
o 2 _ .

Substituting the values of cy and ¢ frem equations
2 . : -



A

10 - SNTESCLAL Technical Note Noe 5.89 o - o

- - p - - - o [ .~ —~
e . . ) . . - - Lo z s - i ®

(17) ana (3) wia Biatno ab for @y o

_—

P An

= -gﬁ o 3
& ixts = qmo'(-ks') of 2./ E ==

gin né sin 6 d& (20)

h2 wetkd) T A L T e
Integrating S : - Coe . .; - ti  - ) : i

A 1ift = qmg(k6) _cr_% F, = 2q%° (k8) ¥, (21)

where »—- - R

" Values of ¥; “dre tabulated in table VI end are plotted
in figure 6 for various wing aspect ratios and taper ratiocs.

Lif#~=.f ey, chy (22) .
. 4'_-9- 1 )

a . . o=

where -¢; is that for ‘a4 neutral nosition of the aileron.
: B T ETIE
Substituting for ci , ¢, and dy, the foregding expres-
1 -
geion becomes o _ = = i=
11 : '
Lift =.2q¥? [ ZAn, sin nb sin 6 46 (23)
L _ _

Integrating ' _z‘ T L R L cam

- mgd® Ay ;
Lift = mgb” A . (24) S ey

Thus the total lift denends upon only the firgt term Qf the L e
series, . . _ . L i

Rnlling moment.- The rolling moment for the semisnan
is determined from the expression oo R s - : Too mE =

Y= J oy caydy (25)

e
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Substituting for oy, ¢, v, and dy in (25), the values
given by equations (17), (5), and (1) '

An

i
qm, (k8) c. & 2
Q. i o f Z

_—————'Sin nd sin 26 46 (26)
8 o “ug (k8)

L.

2
.The value of the integral is always zero whedh the lower
limit is substituted, but only one value of n, namely,

2; gives the integral a value when the upper limit is sub-
stituted. This value is /4, hence

3
L - qmo(ks) Cr k) ™ Aa - 3
3 = 5 4u0(k6) = gb (ks) Fy (27)
where A ————
™
F, = 20 [
a 8 Quo(ka)>

The lateral center of pressure of the change in load due
to aileron displacement is -
L F
copc = -————2——— =J—i B - (28)
A 1if% F, 2

Values of Fyz are tabulated in tadle VII.and ?lottea in
figure 7; the ratio of Fp/F, is plotted in figure 8.

INDUCED DRAG AND YAWING MOMENT DUE TO AILERONS

Induced drag at s section,~ The induced drag coeffi-
cient at a section is given by

cq; = °1 (29)

<4

and sutstituting for w and ey, the values given by
equations (3) and (16) with bath odd and even coefficients
X 4D

= . i 30_
cd.i Cr(l + K cos 6) Sin B E-A-n_ sin ne znAn sin ne ( )
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If a total of 8 harmonics are retaingdd 1l.e., 4 odd
end 4& even, a large number of terms résulting from expand-
ing the foregoing equations may be divided into thres
group a7 the first group is composed of terms in which com—
binations of o0dd fterms are multiplied together; the sec-—
ond group, of terms in which combinations of even terms
are multiplied; and the third group, of all combinations -
of evenr and odd coefficients. If the allerons were neu-
tral and the wing were lifting, only terms of the first
grour would appear. With displaced allerons and the wing
at zero 1ift, only terms of the second group would occur,

The termsg of th'e third group can then be said to grise
from the interacticn of the neutral disxribution and the o
digstribution due to the ailerons. :

Induced drsz for the wing.—~ The total induced drag for
the wing 1§ given by

-~ 3 H - PR - - .- Y
== e
e ===

Di;%- qdi qcdy ) (31) o
- ,l!' oo -

f'“dfﬁwg'

e —e smeas o e - 2z B
- - - - - R S

After ¥alues of édi’ ¢, and dy are substitubed

S -
) PG B '
Dy = 2qb® J ZAn ein n® Indn ein nb db CSE)
Q .- L o - s
Performing the multipllcations indicated-under the summa-—
tion signs, terms of the ftype 'sin® nt and sin po sin ro
results The lower limit of this lntegral is always zero,
Only terms of the type nAn? sin® nb glve values to the
integral for the upper limit; hence (32) becomes after in-
tegrating .- - oo
. - = .3
"7 7 Dy ="mgd® Endn® S (33)
This lattar expression can be divided into two parts L
. =

Dy = Trqba 2nl An +—ﬁqb2-zn2 An (34)
in whigh the first part represents the ordlnary induced
drag agd the gecold part, the additional induced drag due
to aileron dlsplacement., The first part, rearranged, can
be written as .

. Cg® gS ,.
Dy = -L;XE— (L + o) (35 )
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the well~known formula for induced drag in which (1 + 0)

a
nii

is egual tn T Aﬂl . Valueg of ¢ obtained from refer-
1

ence 5 are shown in figure 9 for an aspect ratio of 6,
The formula for the total induced drag becomes

G a8 ! |8
Dy = 222 (1« o) + mgb® B (k§) (36)

where ¥, = In, An2. —
Table VIII and figure 10 give values of F; for (k§)
equal to 1.0 at the various wing aspect ratios and taper i}
ratios previously used. The magnitude of Fs for other '
values of (k§) is determined by multiplying the given F,
factors by the square of the actual value of (k8 ). -

Although the previous section showed that the distri-
bution of induced drag could be separated into three com~
vonent parts, equation (34) shows that the resultant of
the distritution due to the interaction effect must be
ZET O,

Yawing moment.- When the ailerons are displaced the
1ift is increased on one side of the wing and decrgased
on the other so that the induced-drag distribution is mod-
ified. Thus, in addition to the desired rolling moment, a
yawing moment arises because of the unsymmetrical distri-
bution of the induced drag. This yawing moment 1s given
by - - .

mvlo’

cay caydy (37)

{
1 [

Substituting for Cq.: S ¥V and dy —
i

i ‘
N = qbs j ZnAp sin nb XA sin nb cos 6 46 (38)

Performing the indicated multiplications and integratlng
between the limits O and 1w for eight harmonics

_ ﬂqb3 .
N= = (BA1A+5AaA v TAA FOMAFITA A F1BA A, +154,4,) (39)
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£ 1

-

Now the roiling moment for the entire wling can be written
as . .

: : 3
- L= - (40
go that the ratio of the yawing to the rolling moment is
XN oo gp, +54, 2 _ﬁ"ﬁ +'9. | Av‘l +i _Ai'._é-kl{l Ae s 15 de 41
T PALtOA A, 77t Ok TR 1AGEI AR, pENIRL, 2 (A1)

This ratio, which is indevendent of allercn deflection and
devendent only on the 1ift and wing plan fcrm, i1s plotted
in figure 11 and. tabulated in tadle Ix for g total wing

C; of 1.0. In order to .obtain the ratio at any other
value of wing 'CL. multiply the regults of flgure 11 by
the Oy for which N/L is desired. Munk (reference 13)
has determined an expression for the elliptical wing simi-
lar to equation (41)

-FACTORS FOR THE RCLL

"he vreviously derived coefficients and factors are
those 8ffective when the allerons are firgt deflected. As
the wing begins to rotate, a damping moment ‘proportionsal
to the ahgular veloeity is introduced. The changes pro-—
duced by the roll may also be considered geparately and
may be supernosea on the initial conditions. The effect
of the roll 1s quite gimilar to the effect due to ailerons
with equal and opposite deflection since the resulting
load cdistribution is antisymmetrical, The change in angls
of attack varies along the span and is given by

. _p'y _ D'b cos. b l - _-42
Aoy T T
where ! ig the angular velocity in roll with respect

to the wind axis,

Equations (1) to (1%} also apply to the roll. Sub-
stituting in (13) the value of Aa given by (42)

T bl
g 2 tp
.{ BPPfﬁé [gg_(gﬁ—) cos b sin & (1L ~ K cos 6)]

{sin pb [pu, (1 - K cos 6) + sin §] }de (43)
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-

'b
which can be integrated regarding u, and G ) as con-
stants, :

The 1lift at a sectlion due to rolling is given by an
equation analogous to (17)

H
Mo @v—‘i> 5 -A-Ila

¢ = ——— sin nb | (44)
a2 " 1% X cos 6 G ) _
° \a2v .~
B, Ang I B
Values of —— T ——-7oT are given in table X
o (B2 w. (B2 o —
¢ 2V » o v .,

for the different taper ratios and aspect raties previcusly
used. The following equations are derived by the previocus
method.,

The increase in 1if% .on half the wing

. poy b b
A Lift = qmg (——-\ cr 5 F = (gv ) F, (45)
‘ng+2 T . — T -
here E 5(-1) e 1z 'Ana - ' ’
whe = - : :
4 (e} - naa -1 D 'y - _
'[10 —_v,—- . = -._.,

Table XI and figure 12 give values of 'F,.

The damping moment for the sehispan ig L

__ = m = .qb3 (p b) 7 (46)
('o"b - \av/ s B
\ zv / - P} S
where by E:ﬂuo A
5 8 p'-b
u ——
' ° \2V

Values of Fg are given in figure 13 _and _in table XI. The

total dacping moment Ly 1is twice that given by (457
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. . : . . =L v
The lateral center of préssuré of the load dus to
rollling 1g given by Is E, - o ) B
F, 2 )
Equations for the drag are similar to those of the -
precsding sectiwns. The additional induced drag due to
rolling 1s given by o . . o ) R

+Df = mgbtE, T T (a7

where Fg = Lng Anz. The factor F ls plotted in figure

8
14 and tabulated in table XI for a value of %%B equal to "

1.0 :

Although in the determination of the damping moment
it was posdéible to assume with little error that the ef-
fect of the roll could be replaced by a twisting of the
wing, this assumption cannot be made in the determination
of the yawing miment, This condition arigses becguse the
1ift vectors, being verpendicular to the relative wind,
are inclined with resvect to an axis normal to the flight
path-and thus have components that tend tn make the fall- ~
ing wing advance. The comnonent of the induced drag tends
to reduce this tendency as may be ssen from figure 15,
which shows the resolution of the 1ift and drag at & point
¥ on the span when the air is rising to meet the wing.

The yawing moment due to the damping mement is glve

-b:r T, T.r o ome o A T - i Lo ot iE AR o AiTr et Pt DLEEEER vl D s SEToed .. o e Tl 0D

P I

I

b .
) g " . a . ' B L =
. yp
Ny =_f ¢y, sin z%— cqydy - f cdi cos v cqydy {(48)
b b
-3 L

cE A, o=

where gin X%_ and cos z%— may be replaced by Z?_
and 1,0, regpectively. With this simplification equation
(48} bLecomes

% ., &7 _ ol R
qp! e =
Fp =7y J creyPdy - a J cqyovdy (49)
"% -3,

After gubstituting.for 8y, ©, etc., and determining .
the value of the integral between the limits glven
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N B3 ! t ' T
?P = EZ" [ g_E A, + §VE As)"(5A£Aa + BAjhy + TA A, +

" Shubs ¥ gk + 134eh, + 154,40) | (50)

Now the damping moment Lp can be written as

Lp _ mb3 -
o - T e -

and hence the ratio of the yawing to the damping moment is

Np _ p'b /A, + Ag ( A b, A A
E - 3A1+5A3+7._r+9-_§;-_+
AQAO .A A? A7Aa
+ 11 2328 + 15 87 + 15 ~522) (51)

This ratis 1s plotted in figure 16 and is tadbulated in ta-
ble XI for a total wing Cp of 1.0. The directlon” of the

vawing moment is such as to make the falling wing move ]
forward, - -
. p!d
Equating (27) and (46) and solving for py— gives
thg maximum obtainable theoretical value of this ratio as

Gr2) =% ) | ~ (52)

max B

Average values of Fsz/Fs are shown by the solid
curve plotted in figure 17. The maximum deviations from

the average due to changes in aspect ratio and taper are —

of miner impertance as shown by -the narrowness of the en-
velope lines. '

- — e e - — e

DISCUSSION

The span °L2 digtribution curves of figure 3 indi-

cate that the additional load on half the wing, at equal

values of (k§), increases with aspect ratio and aileron
span; figure 6 shows that it decreases with increase in
taper (i.e., AN decreases). The distribubion cufves 6T

figures 3 and 4 indicate that as the taver increases the
points of maximum cy, and ¢y move outward. This type
1 2 )
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of variation arises because the inboard sectiona, whiech
glve the greater 1ift, induce an additional 11ft a~n the
weaker cuttoard sectionsg, resulting in an increase of cy
toward the tip on the tapered wings, This increasa, which
becones greater with increasing taver, intreduces no the-—
oretical difficulties, but in practice & condition is
reacied in which the tip sections would stall beforse the
rest of the airfoil. Figure 18, which gives the results
of teste (reference 14) made of a series of untwisted
wings, ie included as an illustration; the point that
etalls first-moves outward as the taper increases. Al-
though not indicated by figure 18, a comparigon between
the original experimental and the theoretical oy, curves

of the pointed wing indicates that the tip sections of such
a wing actually begin to stall at very low wing 1ift coef-
ficients. .

As will be mentioned in more detaill later, the tend-
ency of sharply tmpered wings to stall first at the tip
introducesg problems of considerable fmportance in lateral
control and stability near the stall. In general, it may
be said that a sharply tapered wing, to be satigfgctery
from this standpoint, should be designed in sguch a way as
to prevent premature stalling of the tips. This result
can be accomplished, presumably, dy any of several: expedi-—
ents, including washing out the wing or using slots or
similar deviceg. Whether the sharply tevered wing, using
such devices, is superior to-plain wings wilith lesas taper,
is a question outslde the seope of this paper.

The theoretical rolling-moment factors (fig. 7) indi-
cate that the available rolling couple, for egual values
of- (k8), increases with bnth aileron span and A, while
equation (27) shows that the couple alsoe increases with
wing span. Short ailerons on highly tapered wings would
give & rolling moment of about one-half that of a rectan-
gular wing of similar aspect ratio and span when compared
at equal values of (k8§). This variation arises princi-
rally because the ares immediately affected hy the alleron
would be less for the tapered wing. For ailerons covering
0.8b the ratios of the moments are conaiderably lncregsed
and it .is apparent that,if the lateral momente of inertla
were taken into account, the highly tapered wing would be
superior to the rectangular wing for control belew the
stall. It should be vrolnted outf, however, that the tend-
ency of the tips of sharply tmpered wings to stall first
will resWlt in reduced lateral control with erdimary ai-

il

[

*

J 8
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lerons at angles of attack near the stall. The theoreti-~
cal superiority of the tapered wing with long-span ailer-
ons may not, therefore, be completely realized In prac- ~

ticee.

References 15 and 16 give the results of tests of a
series of rectangular and tapered wings with rectangular’
and tapered ailerons with which the theoretical values of
this report are compared in figure 19 for three taper ra-
tios. The rolling-moment coefficients tabulated In ref-
erences 15 and 16 are related to the F, factor of this
report by - i

Cp ' = 24 (k8) T )

The effective values of (k8) for the compafrison have
been obtained from reference 12 by considering the 1lift
incr'ements given there for the full-span flap as equiva-
lent to m(k8§) where m, the slope of.the 1lift curve,
has a value of 4.35 per radian. (This value corresponds
to an average value for a wing of aspect ratio 6.) Since
the value of (k§) so obtained is for a down aileron, on-
ly those cases (references 15 and 16) in which one ailer-—
on was down and the other was neutral were used in the
comparigon. Wherever possible the comparison has been
made for values of . & of 10%,-20%, 259, %09, and 35° and
for wing dngles of attack of 0°, 10°, and 14°, 1In the
case of the wings with A equal to 1.0 and 0.8, the
agreement is fair but, for the wing with A equal to Q.2,
the computed values are generally tao high.

The lateral center-of-pressure curves for the addi-
tional load (fig. 8) indicate that the principal effect is
due to the aileron span while aspect ratio and taper have
only a minor influence. ) T
The additional induced drag at equal values of (k&)
(fig. 10) increases directly with both 1b!'/b and A and
inversely with aspect ratio. With short ailerons the ta-
pered wing (N = 0.25) would give an additional drag only
half as large as the rectangular wing of egqual area and _
espect ratio; whereas, with long ailerons, the difference = -
decreases as did the rolling—-moment facior.

Figure 11 indicates that the ratio of yawing moment
to the rolling moment at equal values of wing Cp de-
creases with an increase in wing taper, aileron span, or
wing aspvect ratio. Experiments (references 15 and 16)
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'f lull iii

confirm the theory that the ratio of yawing to rolling mo~
ment decreases with increase in taper below the stall,

At or just above the stall, experiments (reference 15) in~
dicate that the ratio increases with increasing wing taper
until the yawing moments become so large that they caennat
be ccntrolled by the average rudder, This type of varla-
tion is a further result of the fact that the section
which stalls first moves outward with increase in taper.

The factors due to an angular velocity (figes. 12 to
15, table XI) vary as o those arising from an aileron de-
flection., Although, theoretically, taper and aspect ratloe
have only a very minor influence on the maximum angular
velocity attainable (fig. 17), the tapered wing will ac~

celerate to this value sooner because of the lower inertia.
The meximum value of p'!'b/2V 1likely to be obtalned in con-

trolled flight—in gusty air is 0.05, according to refer-
ence 16, This value corresponds approximately to the
value _that would be obtained with ailerons which are 0.15
of the wing chord cover one—third 6f the span, and are
deflectsd 15°
SUMMARY OF THEORETICAL EQUATIONS

The characteristics of a wing with equall&'and oppo-
gitely deflected ailerons under static conditions may be
given by the following equations: '

Change 1in 1ift on half the wing, AL = Eqba(ks) 7
(fig. 6) '

Total rolling moment, L = 231 (k§) ¥, (fig. 7)
Additional induced drag = mqd® (k8)® F; (fig. 10)

Ratio of yawing to rolling moment,
(fig. 11)

The following equations refer to the wing {n roll:

. . - —_— !
Shange in 13f%t on half the Wing, AL = 2qb® "VE\ F,
(fig. 12) . _ . DU 2 A

. . . P IE S SR
Total damping moment, Lp = 2qb° (gv2> Fg (fig. 13)
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2 1
Additional induced drag nqb B b) Fo (fig. 14)
Ratio of: yawing ‘%0 damplng moment "I (LD>
(fig., 16) cL 1.0
Maximum pdssible'value of \ (27— = (kB)
(fig. 17) pax . E;
Langley Memorial Asronautical Laboratory; S

National Advisory Committee for Aeronautics,
Langley Field, Va., November'16; 1935.

- . - 9 . - . . . .
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: a
Values of RBor = J P, P, db
D -

= fg {sin v6 [pug(1-K cos 6)] +eing sin p&}{ain rb {rug(1-X cos 6)]+einb sin rb}
4]

TABLE I

Juantity Value
Raz | (7 - 4.267 K+ 2 E%) ug” + (2,184 ~ 1.333 K) u, + g
Ras | (- 2.438 K+ ZK%) uf -~ 0.914 ug - 3¢
Rog | 0.611 K u,® - (0.203 - 0.534 K) 1,
Rag - 0,298 K uoz - 0.092 110
Rag (41 - 16.253 E + 21 §%) v P+ (4.063 - 2.133 ) u, +g_
Res | (- 7.757 B+ SE?) ul - 1.616 15 - 2
Bag 1.910 X u® - (0.359 - 0.914 K) u,
Res | (9m- 36282 K+ SmK) ug + (6.042 - 3.0864 K) vy + 7
Res (- 15.749 § + 3mWE?) uy® ~ 2.297 uq ~ 1%
Rgg | (16T~ 64.250 K + 87 K2) u,® + (8.032 - 4.064 ) u, + g
N 1.00 0.75 0.50 0,25
Quantit 4 6 8 4 6 8 4 6 8 4 6 8
Hag 1.635/1.119]0.903| 1,565 1.086/0.878| 1.477{ 1.037| 0.847| 1.370] 0,977} 0,807
3'34 "'0539 "IQ4 -.368 "u% "‘¢500 —'415 ".Bm "'.592 "‘|477 ""1q085 "1712 "-556
Rae "0076 ""-051 "‘-038 "-0& "-007 —.008 .108 .0'55 o035 0284 -152 .101
REB "'!035 “um "le? "'-053 ""0032 --.023 "'IOBS "'-047 "‘0032 ".136 "‘n.o'?a "1048
Rasa | 3.683|2.184|1.597| 3.545| 2.130|1.556 | 3.394| 2.057| 1.518| 3.279| 1.99B| 1.484
Rug ~.802| -.589] ~.499]-1.193| ~.793|~.618{-1,680|-1.034| ~.769]-2.306|-1.346| -.266
Rag ~.135|-.089] ~.067| .032| .o02|-.006| .288 .139| .084{ .713| .358| .237
Ras 6.634|3.650(2.521] 6.353| 3.544|2.441 | 6.063| 3.408| 2.373| 5.883| 3.319| 2.324
Rgs  |~1.058|-.768|-.627|-1.798(-1,187|-.841 {-2.725|-1.573|~1,116|~3.918}-2.149 |~1,471
Ras 10.472|5.509]|3.668] 9.989| 5.326|3.533 | 9.499| 5.099| 3.419| 9.221] 4.963| 3.347

68G °*ON 940N T®OTUUIOL *¥V'D'V'N
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TABLE

i1

bl
Values of Bp - f’ BPp 4ae
L]
= uy(ks) é‘“’ sin pe sin @ (1+K coe €) [pu, (1+K cos ) + sin 6] 46
® b B -
deg. ) o (Xx8)
37 0.3 | u, (0.2806 - 0.5135 K + 0.2375 K®) - 0.0670 K + 0.0856
53 .4 | uy (0.8792 ~ 1.0675 K + 0.4183 K*) - 0.1539 K + 0.2034
66.5 | .68 | ug 51.0234 - 1.4104 K + 0.5095 K®) ~ 0.23384 K + 0.3536
79.5 | .8 | ug (1.2676 - 1.5548 K + 0.5333 K®) - 0.3837 k + 0.4673
B
uo(ks)
37 0.2 | uo 50.5573 - 1.1843 K + 0.5353 X'} - 0,0800 K + 0.0678
53 .4 | u (0.8372 ~ 1.1843 X + 0.5450 K®} ~ 0.0578 K + 0.0608
88.5 .8 | ug é-o.osve - 0.5318 X + 0.3804 X ; + 0.0140 K - 0.0858
78.5 | .8 | ud (-0.8130 - 0.0814 X + 0.3089 E*) + 0.0688 X - 0.3703
Be .
¢ TY)
37 0.2 | ug (0.3684 - 0.7347 X + 0.3623 k®) - 0.0130 K + 0,011 ,
53 4 | ug (~0.6792 + 0.7347 K - 0.1545 x + 0.0733 K - 0.1117
86.8 | .6 | uj (~0.6900 + 0.8004 K — 0.1848 K®) + 0.0766 K - 0.1104
79.6 | .8 uoo4s7a+01290x-coe4ax)+ooaszx+oo771
B,
uoik85
37 0.3 | uo (-0.369340.5156 K - 0.1738 k®) + 0.0308 X - 0.0380
53 4 | uo (-0.2873+0.5158 K - 0.2090 k%) + 0.0264 K - 0.0253
68.5 .8 | ug {0.9206 - 0.7472 K + 0.1318 K®) - 0.0408 X + 0.1044
79.5 | .8 | ug (~0.1373 - 0.3076 K + 0.0508 K*) - 0.0081 K - 0.0238
A 1.00 0.76 0.50 0.35
o A 4 8 8 4 6 8 ¢ 5 8 4 8 8
B
deg- e o :
37 | 0.1746]0.1380|0.1201(0.1370}0.1017{0.0891{0.0825|0.0673|0.0598]0.0428|0.0381|0.0338
53 .4581] .3735| .3307| .3544| .2913| .2798| .3545| .2130| .1907| .1619| .1374| .1353
86.5| .7393| .6097| .B485| .8003| .4988| .4479| .4647| .3895| .3521 .a388| .2850| .3595
79.5| .9436| .7839| .7050| .7939| .6635| .6969| .8476] .5438| .4917| .6108| .4302| .3905
B
Uo(k8)
37 | 0.3143|0.2314{0.1910]0.3332(0.1657]0.1373/0.1373}0.1041|0.0875| 0.0649 |0.0609|0.0438
53 .2997| .2195| .1803| .g074{ .1637| .1267| .1237] .0934| .0774| .0510| .0398| .0343
€6.5| -.0999|-.0953|-.0928|~.1443] -.1335|-.1133|-.1805| -. 1465|-.1386| . 3043]~. 16810} -.1397
?9.5| —.5748|-.4734 | -.4285{~. 5097} ~.4841| ~. 4363 ~.6187| ~.4911| —. 4373 | -.6203 |-. 4924 |-. 4240
B
37 | 0.1503}0.1038|0.0812{0.0878|0.0881[0.0532|0.0615]0.0363|0.0388|0.0153|0.0110]0.0088
53 | —~.3884}-.2809|-.3391|-.3101|-.2375|~.3017|~.3503| -, 1918 -.1637|-.18568|~.1428 |-, 1313
66.5| —.2693|~.3833|-.3898~. 3064 | -, 2347 | -. 1088 |~. 2401 | -.1840| -. 1581 -. 1682 |~. 1308} -.1110
79.5| .3598| .1964| .1884| .3038| .3300| .1933| .3541| .3658| .3314| .4164]| .3086| .3556
. Be
Uolk8T _ .
37 |-0.1737|-.1374|-.1054]-.1338| ~.0993|-.0818{-.0951 | -.0709| -.0688( -.0571 | -. 0430 | -.0360
53 | —-.1330|-.0968{~.0791|-.0933|~-.0877|~.0554|-,0630]~.0393|~,0335]-,0164 |~.0137|-.0109
86.5| .4531| .3380{ .a788| .4183| .Z0s9| .3563] .3774| .3796( .3307| .3365| .3485| .3053
73.5| -.0709|-.0549 |~.0471|~.1008|~.0755|-.0628|~.1365| ~,1000] -.0819{ -.1818 -,1308|~. 1056

24
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TABLE

II1

Constants for Evaluation

TABLE IV

Ay
Velues of E;(iﬁ)

of Ap A b! As A, A, Ay

b ug(ks) |ug(k8) |uy(ks) |ug(ks)

A L=4 A=
44=0.845 Bg+0.088 B4+0.020 Be+0.005 Ba 0.3 | 0.148 | 0.114 | o0.038 | 0.011
00 | A4=0.099 B4+0.395 B(+0.038 Be+0.008 Ba | |3 o0 | -4 | 317 | .118 | -.040 | -.014
1.00 [ 420,030 Bg+0.038 B,+0.1E8 Be+.017 B, . ;8 | .a83| (033 -l040| .04
Ag=0.005 B;+0.008 B4+0.017 Bg+0.087 B, -2 -.087 | .037 | -.008
Ag=0.703 By+0.145 B,+0.030 By+0.009 B, 0.3 | 0.188 | 0.087 | 0.033 | -0.007
0.75 | 44=0.145 B;+0.333 B4+0.088 Ber0.013 By | [o o5 | -4 | -369| .09 | -lo34| -lol4
“75 | A4=0.030 B3+0.086 B4+0.179 Bg+0.033 By . ‘6 | .36 | l.03¢| -.033| -.038
4=0.009 Bg+0.013 By+0.033 Bg+0.106 B, 8| .478| -.086| .035] -.001
| A3=0.810 B,+0.233 B,+0.057 Be+0.018 B, 0.3 | 0.100| 0.078 | 0.087 | -0.004
0.50 | Ax®0:232 By+0.411 By+0.121 B.+0.034 By | (o 50| -4 | -320| l078| -l030| -.015
+50 | 4320.067 B3+0.181 By+0.285 Bg+0.061 By . 6 | .za7| .o14| -.028| .035
A2=0.018 By+0.034 Bo+0.061 Bg+0.133 B, B8 . -.085| .033| .001
Ag=1.071 Bg+0.456 B+0.159 Bet0.048 By 0.3 | 0.075| 0.081| 0.023| 0.000
0.25 | A4=0.455 Bz+0 639 Be+0.381 Bgt0.078 By | g gg| -4 | .168| .063| ~.030| -.016
*25 | Agm0.159 By+0.281 By+0.384 Bgr0.135 By . 6| .357| l001| ~-.030| .038
A4=0.048 B3+0.075 By+0.135 Ber0.161 B, ‘8| .:8| -ioe6| -ozL| 004

A A=6 A A=8
4370.973 B,+0.203 By+0.050 Be+0.014 By 0.3 | 0.185| 0.168] 0.054] ~0.013
1.00 | A4=0203 Ba+0.584 Bg+0.093 Ber0.083 Ba | |[1.00| -4 | -291] -.183| -.068| -.020
-00 | X3=0 1080 By+0.083 By+0.299 Bet0.043 Ba . 6| (64| .055| -.048| .0B8
Ag=0.014 Bgi0.033 By+0.043 Ber0.188 By ;8| .e74| -lo7| l0B8| -.00L
Ag=1.047 Bg+0.373 Bg+0.070 Bgr0.031 By 0.3 | 0.164| 0.13L| 0.048 | ~0.008
0.75 | 44=0.373 Bg+0.586 Ber0.143 Bg0.081 Bg| |q.ng| -4 | .339| .138| -.043| -.020
*78| 1§=0.070 B3+0.143 B +0.337 Bg+0.073 By . .6 | .478| Q40| -.040| .053
Ag=0.031 Bg+0.031 By+0.078 Bg+0.303 By 8| .s78( -.073| loB0| .000
4,=1.188 By+0.400 B+0.118 Bg+0.037 Ba 0.3 | 0.133| 0.108] 0.03a| ~0.004
0.50 | 44=0.400 Bg+0.717 By+0.338 Be+0.058 Ba| |o.s0| -4 | -365] .105| -.038| -.0m0
+801 A2=0.119 Bz+0.338 B4+0.431 Ber0.135 Be . .6 | [3g3| loms| -l031| .048
Ag=0.037 Bg+0.058 By+0.135 Bg+0.333 By .8 | .477| -077| 047 .003
Ag=1.500 By+0.703 B+0.376 Bg+0.080 By 0.3 | 0.088| 0.078| 0.03i| 0.001
J .35 | A¢=0.703 Bg+1.055 B(+0.430 Bgt0.146 Ba| |o o .4 | .124| .087]| -lo28| -.0al
+80 | Ago0.375 Bav0.450 Bi+0.849 Be+0.350 Ba . .6 | .30L| .ooz| -.083| .044
Ag=0.090 Bg+0.148 B+0.350 Bg+0.300 By .8 | .37a| -lo8s5| .045| .00

A A=8 A A=8
Ag=1.838 Bg+0.314 By+0.087 Be+0.037 By ‘0.2 | 0.313| 0.190| 0.070| -0.013
1.00 | 440.314 Bo+0.763 By+0.164 Bo+0.043 B | |1.00| .4 | .443| .197| los8| -.035
-0 | 43=0.087 By+0.164 B,+0.45L Bg+0.080 B, . .6 | .e24| ..o7a| -los4| .073
Ag=0.037 By+0.043 B(+0.080 Bg+0.387 B, 8| l7e4| <lom| . -001
Ag=1.333 By+0.403 B+0.118 B,+0.038 B, 0.2 | 0.177| o.188| o0.080] -0.008
0.75 | A<=0.403 B;+0.844 B(+0.336 Bg+0.060 Ba| (o pg| -4 | .371| .181| -lo49| -.026
-5 | 43=0.119 Bg+0.336 B4+0.513 Bg+0.133 B . .6 | [528| .0B3| -.044| .086

8 4 [ a

Ag=0.038 Ba+0.080 By+0.135 Bg+O.313 By .8 | .645| -077| .083| .00L
Ag=1.490 B,+0.B80 B,+0.189 B¢+0.063 B 0.3 | 0.140| 0.137| 0.050| -0.005
0.50 | Ag=0.580 Ba+1.016 Bi+0.368 Be+0.100 By o.s0| - ;285 | .133| -.045| -.034
A4=0.189 Bg+0.388 By+0.633 Bs+0.199 By g . .437| osL| -.034| .060
Ag=0.083 Bg+0.100 B} 0,199 Bo+0.355 By .8 | ,p20| -.086| .0sa| .003
Ag=1.829 Bg+0.916 B+0.387 Be+0.134 By 0.3 | 0.098| 0.083| o0.038! o.002
0.35 | A4=0-816 Bg+1.433 B,+0.700 Bg+0.338 Ba [ o 5| » .212| lo77| -loes| -.038
+35| 43=0.387 Bg+0.700 By+0.038 Ba+0.371 By . . .381| .006| -.038| .085
A¢=0.134 By+0.335 By+0.37L Be+0.448 By .8 | .411| -.097] .oss| .005
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TABLE V. Values of 04dd Circulation Constants

(Ailerons neutral, O = 1.0)

A A, A, A A,
A =4 )
1.00 . 0.0796 00,0077 0.0014 0.0004
.75 . 0796 . 0054 .0019 .0Q03
.50 .0796 . 0022 0023 .0003

A =6

1.00 0.0830 0.0066 0.0014 0.0004
.75 0530 . 0046 . 0018 . 0003
«80 . 0530 .0019 .0021 . 0002
25 « 0530 -,0021 .0021 . 0002

, A =8 )
1.00 0.0%98 0.0058 0.0014 0.0004
.75 .0398 .0040 .0017 .0003
«50 0388 0017 .001¢9 . 0002
25 <0398 -.,0018 0019 0002

TABLE VI, Additional Lift Factor Due to
Aileron Deflection, F Y
Increase of 1ift on semispan = 2qb° (k§)F
A ® b! A

deg. b 4 6 8
37 0.2 G.028 0.023 0.020
1.00 55 04 1066 0053 0044
66 .5 .6 .108 . 086 .072
79.5 .8 « 148 «119 . 100
37 0.2 0,027 . 0.022 0.019
0.75 . 53 .4 064 - .051 043
66.5 «6 106 .0886 .070
79,8 «8 « 147 +.118 .099
37’ 0.2 0.025 0,020 0.017
0.50 53 . . & 061 . 048 «040
* 86.5 6 .104 .081 067
79 .5 « 8 144 .116 097
27 0.2 0,023 - 0.C18 0,014
0,25 53 -3 . 056 . . 043 . 035
66,5 .6 .098 .076 0862
78.5 .8 141 «111 . 093
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TABLE VII. Rolling-Moment Factor, ¥Fp
Rolling moment on semispan = ¢b® (k§)Fg
A ® b! A

deg. b 4 6 . 8 .

37 0.2 0.022 0,018 0.016

1 53 o4 <047 .038 .033

+00

66.5 06 : 0068 1055 '047

79.5 .8 . 082 . 0686 .056

37 0.2 0.021 0.017 0.015

0.75 53 o4 . 045 -« 037 . 031
66.5 6 . «0867 . 0B84 . 045

79.5 .8 .081 . 0658 .054

a7 0.2 0.020 0,016 0.014

0.50 53 .4 <043 .035 _.029
66.5 «B .064 051 . 043

79.5 .8 .078 .062 052

37 0.2 0.018 0.014 0.012

0.25 538 4 .039 . 030 " 025
66.5 .6 .061 . 047 .039

79.5 .8 .075 .058 . 048

TABLE VIII., Additional Induced Drag Factor Due
to Aileron Deflection,

¥

2
When (k&) = 1.0, induced drag = E%E (1+0) +mqb

A\ @ b! A
dege. b 4 6 8
37 0.2 0.0146 0.0116 0.0093
1.00 53 T .0378 . 0266 .0201
66.5 ) . .0638 « 0427 .0312
7945 .8 . 0906 .05886 .0416
37 0.2 0.0138 0.0106 0.0085
0.75 53 & .0354 T .0247 .0182
66.5 .6 - «0614 . 0406 0291
7945 8 .0890 .0574 .0402
37 0.2 0.0124 0.0094 0.0075
0.50 53 o4 . 0320 .0216 .0157
66.5 .6 .0570 -« 0371 .0263
79.5 .8 .0855 .0548 .0383
37 0.2 0.0106 00,0074 0.0056
0.25 53 4 . 0266 .0168 0118
66.5 » 6 0514 .«0318 .+0223
7945 "8 .0810 . +0506 .0354
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TABLE IX. Ratio of Yawing to Rolling Moment, N/L

A ® b! =
deg., b 4 6 8
37 0.2 0.335 0.248 0.202
1,00 53 .4 . 300 .214 .169
66.5 ) .281 . 200 .153
79'5 -8 .271 0187 -145
37 0.2 0.315 0,230 0.186
0.75 53 .4 -282 -198 u155
66.5 6 .267 184 142
79.5 .8 . 260 .178 .136
37 0.2 0.286 0,204 0.162
0.50 53 o4 .258 «177 1386
66.5 + 6 . 249 + 169 .128
79.5 .8 246 166 .126
37 0.2 0.236 0.1l61 0.123
0. 25 553 .4 .220 . 145 .106
66,5 .6 223 .147 .109
79.5 «8 . 227 «151 «112
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TABLE X. Values of A and B Coefficients for the Roll
A A
A i 5 8 A S -
Ba 'A'B
e i —7=7
'D : (é_lz
To\ 57, Ho\ 57
1.00| 0.5611| 0.4630 | 0.4139 1.00[0.2543 [0.4339 [0.4869
.75 4581 . 3803 . 3412 75 . 3033 . 3680 .4129
«50 « 3585 .2999 .2709 «50 . 2505 . 3011 e 3356
25 «2657 2243 . 2036 .25 .1964 « 2300 .2527
Bs _ _-_Aua._W
p'b ) p'b
Yo \5¥ ) %CE‘V_/
1.00|=0.0762 [-0.0762 |-0.0762  1.00 [0.0327 |0.0528 {0.0702
75| =-4.1311} -.,1128}| -.1036 « 75 +0238 .0378 . 0505
«e50| =.1796 | -.1451} -,127¢ .50 0139 . 0218 .0288
25| -,2182) -,1708 | -,1472 .25 . 0014 . 0022 . 0027
___Bs__ __te__
AL 2B
Yo\ 57 Yo lzv,)
1.004-0,0127 {-0,0127 |-0.0127 1.001]0,0064 10,0119 |0.0176
« 7D .0119 . 0065 . 0038 .75 . 0068 .0120 0172
«50 . 0421 . 0294 0231 «50 . 0069 0115 | 0159
« 25 .OSQG .0580 . 0466 . 2D . 0052 . 0089 .0115
Bg Lg
. /DDy DD
u°(\2v o\ 57
1.001-0.,0046 }-0,0048 |-0,00486 1.0010,0019 |0.0034 {0.0054
«75} =-,0125| -,0099}| -,0085 .75 . 0016 » 0030 . 0045
.50} -,0230| -,01869 -.,0138 .50 .0014 . 0026 . 00386
«2b| =,0378 | -.0267 | -.,0212 «2b . 0010 0017 , 0023
|
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TABLE XI.

Addlitional Lift PFactor,

589

Factors for the Roll

!
Increase of 1ift on semispan = 2qha %VB> F,

A A
4 6 8
1,00 0.0856 0.0689 0.0579
«75 .0844 .0679 . 0566
.50 .0820 . 0655 . 0647
« 28 .0788 .06158 .0508

Damping-Moment Factor, Fy

'y
Damping moment on semispan = qb° (%V—> Fs

A
A 4 6 8
1.00 0.0522 0.0425 0.0358
«?75 .0511 .0413 . 0347
.50 .0492 .0394 . 0330
25 L0463 .0360 .0298
Additional Induced-Drag Factor, TFg
(be\ = l.o
\
C12 ¢S 2
Induced drag = —z2-—— (l+0) + mgb” Fg
A
A
4 6 8
1.00 0.0178 0.0120 0.0085
.75 L0171 0112 . 0079
50 .,0157 .0101 .0071
« 25 .0139 .0085 .0058
Ratio of Yawing to Damping Moment, OCp = 1.0
A A
4 6 8
1.00 0.0445 0.0750 0.0820
«75 . 0565 0860 .1020
.50 0750 ,1010 «1160
« 25 .1000 .1270 «1390

30
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